Ceramic fragments and fractionated (< 2 mm) sediment have been sampled from two 21 beaches in southwest England, along with sediment from a control beach where ceramic 22 waste was lacking. Analysis of the glazed ceramic surfaces by X-ray fluorescence (XRF) 23 spectrometry returned concentrations of Pb up to 729,000 mg kg -1 , while XRF analysis of 24 sediment samples revealed high but heterogeneous concentrations of Pb at the two sites 25 impacted by ceramic waste (median = 292 and 737 mg kg -1 ) compared with the control 26 beach (median ~ 20 mg kg -1 ). These observations are attributed to the disposal of 27 contemporary and historical ceramic products, and the subsequent attrition of material and 28 contamination of local sediment. Extraction of a milled ceramic composite (Pb = 2780 mg 29 kg -1 ) by 1M HCl, revealed a high (34%) environmental mobility and availability of Pb; 30 extraction in a solution of protein, however, suggested a low (0.1%) bioaccessibility to 31 sediment-ingesting invertebrates. 32 33
Introduction 46
Heavy metals enter rivers, estuaries and coastal waters through natural erosion in the 47 catchment and from a variety of anthropogenic sources, including municipal and industrial 48 waste, stormwater, metal mining and processing, boating and shipping activities and 49 agriculture (Cave et al., 2005; Pan and Wang, 2012) . Sediment is the principal receptacle of 50 metals in these environments, mainly because its high surface area and chemical reactivity 51 allow charged species to readily undergo exchange reactions, adsorption and co-precipitation 52 at the particle surface (Turner and Millward, 2002) . Metals may also be present in sediment 53 when associated with discrete, contaminated particulates, like fly ash, paint fragments, tyre-54 wear particles and microplastics (Pratt and Lottermoser, 2007; Massos and Turner, 2017 ) 55 which, in some instances, make a significant contribution to overall metal loading. For 56 example, tyre wear particles enriched in Zn, which serves as an activator or accelerator for 57 the rubber vulcanization process, may contribute up to 10% of the sedimentary reservoir in 58 the vicinity of major highways (Voparil et al., 2004) , while antifouling paint fragments 59 containing high levels of Cu as a biocide make considerable contributions to the sediment 60 loading in the vicinity of boat repair facilities (Singh and Turner, 2009) . 61 62 While measuring heavy metals in intertidal sediments from the Tamar estuary, southwest 63 England, using a portable X-ray fluorescence (XRF) spectrometer (Turner and Taylor, 64 2018), we noted elevated concentrations of Pb at various locations towards the estuary 65 mouth. At one site, concentrations of Pb, but not other metals, were an order of magnitude 66 higher than concentrations in the upper catchment that is impacted heavily by historic 67 mining activities. Sediments at this site were coarse (sand-gravel-pebble) compared with the 68 fine silts of the upper catchment but were characterised by an abundance of visible fragments 69 of ceramic debris that were usually off-white or brown but occasionally brightly-coloured. 70
Subsequent inspection of other beaches in the region revealed that ceramic debris was 71 4 commonly present where sediment was relatively coarse, especially towards the high water 72 line. Since lead oxide was (and, in some cases, still is) employed as a flux in the glazing of 73 ceramics (Beldì et al., 2016) , it is hypothesized that the presence and attrition of such 74 material may act as a significant source of local Pb contamination. 75
76
In this study, sediments and glazed ceramics have been collected from two beaches in the 77 Plymouth Sound region of southwest England and analysed directly and non-destructively 78 for Pb using XRF; an additional beach with little ceramic waste evident was sampled for 79 sediment as a control. In order to evaluate the mobility and environmental significance of Pb 80 from this source, a composite of glazed ceramics was prepared by milling and subjected to 81 XRF analysis and to different chemical treatments, with extracts analysed by conventional 82 Samples were collected during March and September of 2017 from three sand-gravel-pebble 97 beaches around the coastal zone of Plymouth and at the locations shown in Figure 1 ; 98 specifically, at Oreston on the lower Plym estuary, Saltash on the lower Tamar estuary, and 99
Firestone Bay in Plymouth Sound. Previous visits to a number of sites and counting with 0.5 100 m 2 quadrats had revealed that ceramic fragments were most abundant at the former two 101 locations, especially in the upper reaches of the intertidal zone, while the latter location was 102 relatively free of such material. parameters in mg kg -1 with a detection limit, as defined above, of about 6 mg kg -1 . Where the 144 surface was patterned or multi-coloured, different areas were probed by moving the sample 145 with respect to the detector window, a process aided by live imagery generated by the CCD 146 camera adjacent to the x-ray source. Samples of different colour, condition and Pb 147 concentration were also analysed by XRF in a lead paint mode. Here, the instrument was 148 Lead was also measured in selected samples (n = 15) on an areal basis using a lead paint 243 mode and with units of mg cm -2 that are consistent with many Pb-based paint assessments 244 and regulations (Clark et al., 2006) . The concentrations arising from this approach ranged 245 from 0.03 to 23.1 mg cm -2 and were highly correlated with concentrations determined in 246 plastics mode and in mg kg -1 (r = 0.989; p < 0.001), with a best-fit linear regression line 247 defining the data of y = 29,900x, or a conversion factor between the two measures of 29.9 248 cm 2 g -1 . The lead paint mode also returns a depth index that provides a semi-quantitative 249 evaluation of the depth of the layer of Pb. An average value of 1.5 and no values above 2 for 250 the samples tested confirms that the metal is located at or near the surface of the ceramics. 251 13 252 
Lead concentrations in the ceramic composite and release by HCl and BSA 257
The concentration of Pb in the ceramic composite prepared by milling 12 individual 258 fragments and determined by XRF in mining mode was 2780 + 286 mg kg -1 (n = 6). Other 259 heavy metals were detected but at significantly lower concentrations; specifically, 260 concentrations of Bi, Sn and Zn were 36.7 + 6.2, 46.5 + 11.7 and 477 + 62 mg kg -1 , 261 respectively, and Cu was undetected. Lead mobilised by 1M HCl and determined by ICP 262 was 953 + 91.6 mg kg -1 , or 34% of total Pb determined by XRF, while the corresponding 263 values mobilised by 5 g BSA L -1 were 2.5 + 0.86 mg kg -1 and 0.1%. 264 Potential sources of ceramics to the region under study include historic landfill sites and 321 various construction projects and manufacturing industries. However, fragments typical of 322 those sampled would be too large and dense to be transported and redistributed across 323
Plymouth Sound, suggesting that sources are more localised. That ceramic debris was more 324 abundant in the vicinity of informal boating activities (repair, maintenance and renovation) 325 implies material may be partly derived from the disposal and fragmentation of shipboard 326 sanitary equipment and tiles. This practice may also attract the tipping of additional 327 municipal wastes, including crockery and garden ceramics, in the immediate vicinity (Turner 328 and Rees, 2016), with lighter material like plastics, ropes and foams more readily swept 329 away or recognised and collected as litter. More generally, however, it is suspected that 330 material has accumulated in the intertidal zone over extended periods of time (centuries) 331 through the historic use of utilitarian and, later, decorated products for the storage, is not predicted to be particularly accessible in non-acidic digestive conditions typical of 371 sediment-feeding invertebrates or under near-neutral aqueous conditions more generally. 372 373
Conclusions 374
This study has highlighted the potential significance of glazed surfaces as a source of Pb to 375 estuarine and coastal sediments that are visibly impacted by ceramic wastes. At the sites 376 under investigation, the presence of glazed ceramics that have been eroded to sizes < 2 mm 377 result in increases in Pb concentrations relative to a regional baseline of about an order of 378 magnitude and enrichment factors normalised to Rb of between 5 and 13. Lead arising from 379 glazed ceramic surfaces has a mobility of more than 30% as evaluated by extraction in cold 380
HCl, but is unlikely to be assimilated by deposit-feeding invertebrates because of its poor 381 solubility in a surrogate digestive protein. While the specific findings of the study are 382 localised, it would be reasonable to assume that the broad impacts documented are more 383 generally applicable where ceramic waste is observed. 384 385
